Solar X-ray jets are evidently made by a burst of reconnection of closed magnetic field in a jet's base with ambient "open" field 1, 2 . In the widely-accepted version of the "emergingflux" model, that reconnection occurs at a current sheet between the open field and emerging closed field and also makes a compact hot brightening that is usually observed at the edge of the jet's base 1, 3 . Here we report on high-resolution X-ray and EUV observations of 20 randomly-selected X-ray jets in polar coronal holes. In each jet, contrary to the emergingflux model, a miniature version of the filament eruptions that initiate coronal mass ejections (CMEs) 4-7 drives the jet-producing reconnection, and the compact hot brightening is made by internal reconnection of the legs of the minifilament-carrying erupting closed field, analogous to solar flares of larger-scale eruptions. Previous observations have found that some jets are driven by base-field eruptions [8] [9] [10] 12 , but only one such study, of only one jet, provisionally questioned the emerging-flux model 13 . Our observations support the view that solar filament eruptions are made by a fundamental explosive magnetic process that occurs on a vast range of scales, from the biggest CME/flare eruptions down to X-ray jets, and perhaps down to 1 even smaller jets that are candidates for powering coronal heating 10, 14, 15 . A picture similar to that suggested by our observations was drawn before, inferred from different observations and based on a different origin of the erupting minifilament flux rope 11 (see Methods).
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Solar X-Ray jets are imaged from space in the ∼0.2-2.0 keV range. They are dynamic (upward velocities ∼200 km s −1 ), long (∼5×10 4 km), narrow (8×10 3 km), and transient (lifetimes ∼10 min) 16, 17 . In the commonly-accepted version of the emerging-flux model 3, [18] [19] [20] [21] , an emerging bipole enters a dominant-polarity (say, To assess observationally the production of X-ray jets, we analysed 20 jets (Extended Data   Table 1 ) in the solar polar regions using X-ray images from the X-ray telescope (XRT) on the Hinode satellite 22 , which detects a broad temperature range of coronal plasmas hotter than about 2 1.5 MK. We used concurrent EUV images from the Solar Dynamics Observatory's (SDO) Atmospheric and Imaging Assembly (AIA) 23 , whose various filters detect plasmas primarily over narrow temperature ranges centred at, e.g. T ≈ 0.05, 0.6, 1.6, or 2.0 MK respectively for wavelengths of These images clearly show a dark feature, similar to a small-scale solar chromospheric filament (hereafter, "minifilament"), moving upward and laterally, starting from ∼22:06 UT. Its velocity is ∼ 40 km s −1 between 22:07 UT and ∼22:10 UT, when it reaches the apex of the illuminated arched base of the X-ray jet. After 22:10 UT, the minifilament is expelled in the spire of an EUV jet that is the counterpart to the XRT jet. In EUV the jet has both emission and absorption components, with the minifilament evolving into part of the jet. Significantly however, the JBP, both in soft X-rays and in EUV, is at the location from where the minifilament erupted. Thus the JBP is the analog to the commonly-observed solar flare arcade forming in the wake of larger-scale filament 3 eruptions; such flare arcades are made by internal reconnection (i.e., reconnection occurring on the inside of the closed driving field 24 ) of the legs of the erupting closed field of a filament. This is not consistent with the JBP resulting from external reconnection as proposed in the emerging-flux model.
We found an erupting minifilament to be discernible in AIA images of all 20 of the jets, with the minifilament's eruption starting near the location of the JBP. In most cases we could see that the JBP occurred where the minifilament (or part of the minifilament) had been rooted in the surface prior to ejection; we could not verify this arrangement in a few cases where the minifilament and JBP were along the same line-of-sight, but even then the observations are consistent with the JBP occurring at the location from where the minifilament was ejected. Typically, first the minifilament starts to lift off from the surface, and then the JBP starts to brighten. This is similar to the situation with large-scale filament eruptions, where the eruption start precedes the flarebrightening onset 25 . Other than size scale, the eruptions of minifilaments in the production of X-ray jets are indistinguishable from the commonly-observed eruptions of larger filaments in the onsets of solar flares. In some cases (in Extended Data Table 1 , events 4, 9 and 13, and maybe event 1), rather than the entire minifilament lifting off, there is a whipping-like motion, with the JBP (flare) occurring below the whipping minifilament or at the location where the fastest-moving part of the minifilament first detaches from the solar surface. Thus all cases are consistent with the JBP being a small flare arcade forming in the wake of the erupting minifilament [4] [5] [6] [7] .
We measured the plane-of-sky sizes and velocities of the minifilaments, during the period 4 after they started to erupt but prior to reaching the jet-spire location. Our measured average minifilament size is equal to the average width of X-ray jets 17 , consistent with the jets being driven by the minifilament eruptions. We obtained mean velocities and a standard deviation for the erupting minifilaments of 31 ± 15 km s −1 . In all cases the true sizes and speeds should tend to be larger than these plane-of-sky values.
X-ray jets have been classified as "standard" or "blowout" based on the morphology of the spire and the intensity of the rest of the jet's base compared to the JBP intensity: A standard jet has a narrow spire with a relatively dim base, while a blowout jet has a broad spire and a base that becomes about as bright as the JBP 15 . The emerging-flux model suggests that the difference occurs depending on whether the emerging-flux structure remains largely inert (standard jet), or erupts (blowout jet) as the jet forms. Our new view is different: In a previous study 15 of our 20 events, we morphologically classified 14 as blowout, five as standard, and one as ambiguous. We now find however that all 20 appear to form the same way: from erupting filaments. A jet has blowout-jet morphology if the erupting filament strongly ejects from the base region (corresponding to an ejective larger-scale solar eruption 6 ). Standard-jet morphology seems to result when the erupting minifilament mainly does not escape the closed-field base (maybe corresponding to confined larger-scale filament eruptions 6 ), or perhaps if the eruption is ejective but very weak. We envision that there is a continuum of morphological jet types, likely depending on the eruption's 5 strength and whether the erupting filament escapes the base.
From our observations we infer the schematic picture of Figure 2 for jet production. Initially The minority-polarity flux in the base of the an X-ray jet presumably comes from flux emergence of compact field loops into the dominant-polarity ambient field. It therefore seems that many X-ray jets should be produced by these closed-field emergences in the manner of the longaccepted emerging-flux model. Our observation of no such X-ray jets (at least for polar coronal holes) suggests that external reconnection of the emerging closed field with the ambient open field continually occurs fast enough to keep an appreciable current sheet from building up at the magnetic null between the two fields, and a burst of enough external reconnection to make an X-ray jet can be made only dynamically, driven by sudden eruption of the closed field as in a filament eruption. That is, the observed lack of emerging-flux-model X-ray jets suggests that no current sheet of the scale of the overall system of two reconnecting fields can be formed gradually (i.e., quasistably) in the low-beta magnetised plasma of X-ray jets, and by analogy nor in similar reconnection events in other low-beta astrophysical settings. Instrumentation and data. For our X-ray images, we use data from the Hinode/XRT with 30 s cadence and 1 ′′ pixels. XRT detects a broad range of temperatures, but has highest sensitivity for temperature T > ∼ 1.5 MK, even for the relatively cool "TiPoly"-filter images that we used for these observations. For each jet in Extended Data Table 1 we studied concurrent EUV images from the SDO/AIA, with 0 ′′ .6 pixels and 12 s cadence. Our final movies and figures were formed by summing the frames in pairs, and therefore the resulting movies we used were generally of 1-min cadence and 24-sec cadence respectively for XRT and AIA. This summing blurs the images somewhat, but renders subtle features, such as X-ray jets and some of the fainter EUV minifilaments, much easier to discern. For many of the X-ray jets of our study, we examined all the AIA EUV channels, which are tuned to wavelengths of 304Å, 171Å, 193Å, 211Å, 131Å, 335Å, and 94Å; these respectively have strong responses to log temperatures (K) of: ≈ 4.7, 5.8, 6.2, 6.3, 7.0, 6.4, and 6.8 (although some channels are multivalued 23 ). Usually there was little new information in the hotter 131Å, 335Å, and 94Å channels, and so we did not inspect these hotter channels for some of the jets.
In total we examined 20 X-ray jets, initially selected during an earlier study 15 , where the JBP was obvious in the X-ray images (Extended Data Table 1 ). From the previous study 15 , each event of Extended Data Table 1 is typed as "standard", "blowout", or "ambiguous", based on its morphology in the XRT images (and in some cases, in AIA 304Å images also). Blowout jets are those where the entire base brightened and where the spire broadened with time to span approximately the width of the base, while standard jets are those where only the JBP brightened substantially in the base and the spire remained narrow compared to the span of the base. The JBP is also referred to by other terms, including "hot loop" 3 , "bright loop" 3 , "bright point" 3, 15, 32 , and "bright footpoint" 17 .
In each blowout jet in Extended Data In the events of Extended Data Table 1 categorised as standard jets, a minifilament eruption was detectable, but usually that eruption appeared either not be ejective, or it was perhaps ejective but weak and/or faint. In event 4, a minifilament (best seen in 304Å) has a whipping motion from the location that becomes the JBP. Event 7 seems to be generated by a minifilament that becomes partially destabilized and spins (rolls) beneath confining magnetic fields. These standard-jet events therefore may be analogous to larger-scale confined filament eruptions, ones that make flares that are of shorter duration than the ejective flares 6 . (As an example, the rolling minifilament of Event 7
could be a scaled-down version of the confined filament eruption in Fig. 1 and in the corresponding on-line movies of the paper Sterling et al. 2011 36 .) Event 6, another standard jet, however shows an ejective minifilament, similar to the jets identified as blowout jets, but it does not make a broad spire. In that case it appears as if the minifilament erupted far enough for much of it to escape onto open field via external reconnection, but not enough to blow out violently and make a broad jet.
In comparison to the blowout jets, more of the filament material remains trapped within the closed field.
Our other standard jets (5, 19) , and the ambiguous jet (11), similarly may be partiallyconfined and partially-ejective minifilament eruptions. In these cases, some of the minifilament material escapes onto the open field, and some of it remains in the closed field. In this sense, we envision a continuum of jets manifestations, between pure blowout jet (where the filament field would push far into the opposite-polarity open field, making a broad jet, and all of the fila-ment material would eventually escape onto that open field), and a pure standard jet (where only the envelope of the closed filament field reconnects with the opposite-polarity open field, and none of closed field containing the cool filament material undergoes external reconnection). Our view of standard jets being due to confined minifilament eruptions, partially-confined minifilament eruptions, and/or weak ejective minifilament eruptions, is still speculative. Further study will be required to understand fully various morphological differences among jets.
Minifilament measurement details. We measured the line-of-sight lengths and velocities of the minifilaments during the period after they started to erupt but prior to when they formed a jet or reached the apex of the base (below the jet spire). We usually used the 171Å, 193Å, or 211Å AIA channels for these measurements; only for events 4, 7 and 10 did we find 304Å preferable for determining minifilament properties in our data set. Details of jet-formation process in our picture. As shown in Fig. 2 , we envision that initially a minifilament-carrying, non-potential, relatively-compact core field of a magnetic bipole (or magnetic arcade) sits next to (and shares the minority-polarity flux with) a relatively-large bipole (Fig. 2a ). An unspecified process destabilizes the smaller bipole so that it erupts, with the minifilament being channeled between the large bipole and the overlying open field. Upon reaching the open coronal field on the far side of the large bipole, the field carrying the minifilament reconnects with that field (Fig. 2b) , and a jet, often including substantial minifilament material, is ejected along newly-reconnected open field (Fig. 2c) . This reconnection also adds field to the large bipole.
Also in (Fig. 2b) , internal reconnection (lower red X) of the minifilament-carrying field occurs;
this is reconnection internal to the erupting lobe of the double bipole, and this reconnection forms a flare arcade (the JBP) in the wake of the ejected minifilament.
This is analogous to the formation of commonly-observed flare arcades in typical large-scale solar eruptions; that is, the erupting lobe of the system erupts as in a "typical" large-scale eruption, as pictured in, e.g., Figure 1 we are calling internal reconnection, since it occurs internal to the erupting bipole) to form hot flare loops near the solar surface. In our analogous schematic for the jets in Figure 2 , these flare loops correspond to the JBP. While the small lobe of the double bipole in Fig. 2 is erupting in this fashion, the neighboring bipole largely remains inert, except for the addition of the new field via the external reconnection, as mentioned in the previous paragraph.
Now consider the situation when the erupting-minifilament bipole reaches the far side of the apex of the neighboring bipole (Fig. 2b) . Because the field orientations are then opposite, the erupting field enveloping the minifilament and the far-side ambient coronal field can undergo reconnection; since this reconnection is between the field of the erupting bipole and coronal field that is external to that erupting bipole, we call this external reconnection. In a blowout jet, the eruption continues deeper into the opposite-directed ambient field region to make a broader spire than is depicted in Fig. 2c . The envelope around the cool-minifilament material is completely eroded away, and so the cool material escapes onto the open ambient coronal field, forming a cool jet. In this sense, the eruption of the minifilament is analogous to ejective eruptions of typical large-scale cases. (Some standard jets appear to be weak versions of such 20 ejective jets.) The drawings in Fig. 2 are tailored to depict the jet in Fig. 1 , jet 18 in Extended Data Table 1 , which is a blowout jet.
The external reconnection of the erupting-minifilament field with the open field also adds a new hot layer to the larger bipole (larger red loop in Fig. 2c) ; this reconnection product from earlier eruption episodes might have created the "initial" large bipole (large black loops of Fig. 2a ). Other possibilities for the initial large bipole are that it, along with with the filament-carrying bipole, are two asymmetric lobes of an anemone field region 33 . That anemone region could be due to recently-emerged magnetic flux, or it could have formed over time via surface-flux migration and cancelation 34 .
A schematic for X-ray jets similar to that of our Figure 2 was presented by Shibata (1999) 11 ,
in Figure 8b of that paper. That figure was derived from data from earlier satellite missions, prior to the high resolution, high-cadence, multiple-EUV-wavelength data of SDO/AIA. There is however a difference between that picture for jets and our picture. The proposal there 11 is that a plasmoid (which might correspond to our minifilament) erupts from the external-reconnection site of the emerging-flux model (Extended Data Fig. 1 ), the pre-eruption plasmoid being in the current sheet between the emerging flux and the ambient coronal field. (Also, Figure 6 of that same paper 11 explicitly depicts an emerging-flux origin for X-ray jets.) In contrast, our proposal is that X-ray jets, at least in coronal holes, are a miniature version of the standard model for large-scale flares and CMEs, independent of whether there is emerging flux. In our view, prior to eruption the minifilament resides in sheared field (or in a flux rope) in the core of a magnetic arcade, instead of in a current sheet. More generally, in our view the triggering and eruption of the minifilament 21 may include any of a multitude of processes and subprocess proposed for large-scale eruptions, including those listed in the main text, and others 7, 37, 38, 40 . Determining whether the pre-eruption minifilaments that erupt in jets are located at an external-reconnection current sheet as suggested by Shibata (1999) 11 , or instead reside in a magnetic arcade as we picture, requires further observational study.
In AIA movies the developing jets show clear rotation in some cases, such as the jet of Figure 1 (Extended Data Video 1def). Other jets however show only partial rotation (e.g., Extended
Data Figure 2 , and Extended Data Videos 2abc and 2def), or no obvious rotation (e.g., Extended
Data Figure 3 , and Extended Data Videos 3abc and 3def). Since we have not identified a clear pattern regarding the rotations and the resulting jets, we do not address this topic further here.
Cause of minifilament-eruption onset. Since in this study we do not examine jets that originate at low solar latitudes, we cannot adequately see the causes (triggering) of these magnetic eruptions.
As with large-scale filament eruptions, several triggering agents could be responsible, including flux cancelation or even flux emergence. Our main point here is that, independent of the cause of the minifilament-eruption onset, the jets all result from those minifilament eruptions, with the JBP being the "flare" occurring in conjunction with those minifilament eruptions.
As stated in the main text however, several other studies 13, 29, 30 found on-disk coronal jets clearly to occur in conjunction with magnetic flux cancelation. One study 13 aggressively searched for emerging flux beneath a jet, but found no significant signature of emergence. A different study 35 also searched for but did not find emerging flux below an on-disk coronal jet. Another study 41 found mini-CMEs resulting from perhaps "small filament ejections", that may be similar or identical to the jets we discuss here; they report the ejections to occur at sites of "twisting small concentrations of opposite polarity magnetic field", and again they do not report detections of emerging flux. Similar jets were reported elsewhere 42 , but without direct magnetic field observations.
We have found two studies of on-disk jets where emerging flux was reported. In the first of these 43 , although emergence occurred, a microflare and an EUV jet happened only after cancelation of flux in the region of the flux emergence. Similarly, in the second study 44 flux emergence occurred, but, for two different jets they observed, both jets occurred at about the time the emerged flux underwent cancelation with neighboring field. In that second case, the jet observations were from XRT, and were of jets occurring in on-disk coronal holes; thus those observations are on-disk complementary examples of the near-limb XRT polar-coronal-hole jet observations we present in this paper.
On balance then, the on-disk coronal jet studies suggest that flux cancelation is often crucial to jet onset. In light of the present study, we expect that in those earlier observations, the cancelation likely resulted in minifilament eruptions that produced jets, with flares occurring in the wake of those eruptions and appearing as JBPs.
Extended Data (f) Minifilament diffuse, faint, or identification less certain than other cases.
(g) Accurate speed measurement not possible due to image shifts during eruption time.
(h) Minifilament too diffuse for size measurement, but moving structures can be tracked for velocity estimate. 
